We cloned seven cDNAs coding for ubiquitin (polyubiquitin) (DcUbq1-7) from carnation petals: DcUbq1, 2, 3 encoded polyubiquitins consisting of five ubiquitin monomers; DcUbq4, three monomers and DcUbq5, 6, 7, a monomer. The 3'-UTR nucleotide sequences were separated into three groups; two were specific to DcUbq1 and DcUbq2, respectively, and the third was almost always common to other genes (DcUbq3-7). The transcript levels of DcUbq1 and DcUbq2 in petals fluctuated during flower opening, whereas those of DcUbq3-7 remained unchanged except for an increase in the last stage. On the other hand, during flower senescence, the transcript levels of DcUbq1 and DcUbq2 increased at later stages, and those of DcUbq3-7 remained almost constant during the process. Based on these findings, we suggest an association of ubiquitin gene expression with petal growth during flower opening and petal wilting during the senescence of carnation flowers through the degradation of specific proteins by the ubiquitin-proteasome system. Furthermore, we showed the successful use of DcUbq3-7 transcripts as a normalizing standard in the determination of transcript levels of a target gene in senescing carnation petals, where massive degradation of RNA, such as actin mRNA and rRNA, usually occurs, causing inaccuracy in the estimation of transcript levels of interest.
Introduction
Flower senescence consists of the sequence of metabolic events occurring in the final stage of flowering and culminating in the wilting and/or dropping of petals. Petal wilting is accompanied by the degradation of proteins, producing amino acids. Amino acids are transferred from the petals to developing tissues, i.e., growing ovaries and seeds (Nichols, 1976) . This is an important metabolic process during flower senescence, causing remobilization of nitrogen and carbon as a form of amino acid. In carnation, flower senescence is characterized by autocatalytic ethylene production, mostly in petals, and subsequent wilting of the petals induced by ethylene (Satoh, 2011) .
Protein degradation in flower petals has been demonstrated to occur in non-proteasomal and proteasomal systems (van Doorn and Woltering, 2008) . The former includes the protein breakdown occurring in vacuoles, mitochondria, the nucleus, and plastids, although bulk protein degradation mainly occurs in vacuoles (van Doorn and Woltering, 2008) . Cysteine proteases are believed to be the main proteases involved in protein hydrolysis in vacuoles (Guerrero et al., 1998; Tournaire et al., 1996; Valpuesta et al., 1995) , and a cysteine protease (DCCP1) was identified from senescing carnation flowers (Jones et al., 1995) . The DCCP1 gene was shown to be up-regulated in senescing carnation petals (Jones et al., 1995) .
On the other hand, the proteasome system mediates the selective degradation of proteins using ubiquitin, a 76 amino acid polypeptide, as a tag for identifying target proteins. At the start of protein degradation by the ubiquitin-proteasome pathway, several monomers of ubiquitin become attached to target proteins (ubiquitination) by the action of three protein components (enzymes), referred to as E1, E2, and E3, and the ubiquitinated proteins are degraded specifically by proteasome complex (Park et al., 2011) .
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The involvement of the ubiquitin-proteasome pathway in the protein degradation of petal senescence in carnation flowers was suggested by Hoeberichts et al. (2007) , who demonstrated the up-regulation of mRNAs for E3 and subunits of the 19S regulatory particle, one of the two large complexes of the 26S proteasome. These findings suggest the increase in protein degradation activity by the ubiquitin-proteasome pathway in senescing carnation petals. Previously, Jiang et al. (1994) demonstrated the decrease in specific proteins with molecular masses of 62, 45, 34, 30, and 26 kDa in carnation petals exposed to ethylene. Proteasomes may be involved in degradation of these specific proteins.
Recently, Harada et al. (2010) obtained two cDNA fragments of polyubiquitin [accession numbers (acc. nos) DK999742 and DK999743] from opening carnation petals. Based on these preceding observations, we can anticipate the up-regulation of ubiquitin genes, relevant to DK999742 and DK999743, for supplying enough ubiquitin proteins for proteasome system functioning in petals of carnation flowers undergoing opening and senescence.
The wilting of carnation petals is caused by the regulation of many genes in addition to those for the degradation of cell components (Hoeberichts et al., 2007; Lawton et al., 1989; Otsu et al., 2007; Satoh, 2011; Verlinden et al., 2002) . Usually, changes in transcript levels of senescence-related genes in senescing carnation flower tissues are determined by northern blot analysis with the normalization of the sample run on agarose gels against a standard RNA, which is concomitantly run on the gels, to ensure equal loading of RNA samples. So far, rRNA has been frequently used as a standard gene for studying the expression of genes relevant to senescence in carnation flowers (Hoeberichts et al., 2007; Iordachescu and Verlinden, 2005; Jones, 2002; Van der Kop et al., 2003; Verlinden and Garcia, 2004; Verlinden et al., 2002) . In addition, actin (DcACT1) transcript has been used as the standard gene for normalizing sample RNAs instead of rRNA Nukui et al., 2004; Shibuya et al., 2002; Sugawara et al., 2002; Waki et al., 2001) .
However, massive degradation of RNA usually occurs in tissues of senescing flowers. This has raised concern about the over-estimation of given target mRNAs when normalizing the sample run on agarose gels in northern blot analysis and real-time RT-PCR of mRNAs from senescing flower tissues (Jones, 2004) . Namely, transcripts of specific genes would apparently accumulate in senescing tissues when their amounts merely remained at steady levels or decreased slowly as compared with those of standard RNA. In fact, we observed this drawback when determining changes in the levels of a sucrose synthase (DcSUS1) transcript in senescing carnation petals; that is, DcSUS1 transcript level apparently increased in the last stage of senescence since the actin (DcACT1) transcript level markedly decreased at that time . This defect showed temporarily the transcript levels of DcSUS1 on the basis of total RNA, and suggested the need to develop another standard gene which can be used with reliable accuracy for senescing carnation flower tissues.
Ubiquitin transcripts have been used as a normalizing standard in gene expression analysis of many plants, including carnation, in which, for instance, genes acting on flavonoid biosynthesis were analyzed by RT-PCR (Ogata et al., 2004) ; however, to the best of our knowledge, ubiquitin transcripts have not been used in a gene expression study of senescing carnation flower tissues. If polyubiquitin genes would constitute a family in carnation, as shown in Arabidopsis thaliana (Burke et al., 1988; Callis et al., 1995) , there would be a possibility that one of them could be used as a normalizing standard in senescing carnation petals.
In the present study, we aimed to show the involvement of ubiquitin gene expression in petal growth and wilting in carnation flowers undergoing opening and senescence, by cloning, characterization and expression analysis of ubiquitin genes, and moreover to evaluate their use as a normalizing standard by re-examining the sucrose synthase (DcSUS1) transcript level in senescing carnation petals.
Materials and Methods

Plant materials and sample preparation
Carnation (Dianthus caryophyllus L. cv. Light Pink Barbara), belonging to the spray category of carnation flowers, and sample preparation were the same as described previously . The floweropening process was separated into 6 stages, and the flower senescence process into 4 stages according to Harada et al. (2010) and Morita et al. (2011) , respectively. Details of the respective stages and their photographs were shown in Morita et al. (2011) .
For extraction of RNA, the ten outermost petals were detached from 5 flowers at the respective stages, combined to make one sample, and stored at −80°C. A series of samples collected at each stage during flower senescence was prepared and used for real-time PCR analyses (Figs. 3-5).
RNA extraction
Total RNA was isolated by the phenol-chloroform method, as described in Harada et al. (2005) . Samples of about 1 g frozen petals were pulverized in liquid N 2 with a mortar and pestle, and extracted with 5 mL extraction buffer [1% SDS, 50 mM Tris-HCl (pH 7.5), 50 mM EDTA] plus an equal volume of water-saturated phenol. Total RNA was recovered in the supernatant after centrifugation, purified by treatment with phenolchloroform solution (1 : 1 v/v) followed by chloroform, and finally precipitated with isopropanol at −20°C.
PCR cloning of cDNAs coding for ubiquitin
To obtain a full-length composite cDNA for ubiquitin (actually, polyubiquitin), we obtained three partial-length cDNA fragments by ordinary RT-PCR, 3'-rapid amplification of cDNA end (3'-RACE) (Frohman et al., 1988) and 5'-RACE techniques, and then the cDNA fragments were combined to make a composite cDNA. Briefly, partial length cDNAs were amplified by RT-PCR with total RNA obtained from opening carnation petals (stage 5; Harada et al., 2010 Harada et al., , 2011 and the forward Ubq-F and reverse Ubq-R primers. The nucleotide sequences of this primer set and the size of amplificates are shown in Table 1 . The sequences of primers were derived from the sequence of a carnation polyubiquitin EST clone (acc. no. DK999743) (Harada et al., 2010) . RT-PCR was performed according to the standard procedure with necessary optimization. The PCR products were cloned into pGEM-T Easy Vector (Promega, WI, USA) for sequencing. Using the determined nucleotide sequences, sequence-specific primers were designed for 3'-RACE and 5'-RACE (Table 1) . The 3'-RACE was conducted with the combination of one of the forward Ubq1f-F or Ubq2f-F primers and the reverse 3'RACE primer. Also, 5'-RACE was conducted with the combination of the forward 5'RACE primer and one of the reverse Ubq1f-R or Ubq2f-R primers. The three partial-length cDNAs for the three different regions were reconstituted to make composite cDNAs. Then, to confirm complete nucleotide sequences, full-length cDNAs were amplified from total RNA obtained from opening carnation petals as templates with the combination of forward and reverse primers (Table 1) derived from both ends of the composite cDNAs.
Real-time RT-PCR
Real-time RT-PCR for the quantification of transcripts for DcSUS1 ), DcACT1 (acc. no. Y0073415, Waki et al., 2001 , and DcUbqs was conducted using the LightCycler FastStart DNA Master SYBR Green I Kit and the LightCycler Instrument (Roche Diagnostics, Tokyo, Japan). cDNA was synthesized using ReverTra Ace (TOYOBO, Osaka, Japan) according to the manufacturer's instructions. The primer sets for real-time RT-PCR were the forward SUS3F and reverse SUS3R primers for DcSUS1, forward DcACT1P51F and reverse DcACT1P229R primers for actin (DcACT1), forward Ubq1F and reverse Ubq1R primers for DcUbq1, forward Ubq2F and reverse Ubq2R primers for DcUbq2, and forward Ubq3F and reverse Ubq3R primers for the mixture of DcUbq3-7. The positions where respective primers were set in carnation ubiquitin cDNA are shown in Figure 1B .
PCR conditions were initial heating for 10 min at 95°C followed by 40 cycles of 5 s at 95°C, 5 s at 53°C, 8 s at 72°C, in which the extension time was adopted according to the length of amplificates (1 s per 25 mer). The absolute transcript level was calculated using a dilution series of a target sequence on LightCycler Software Ver. 3.5.3 (Roche Diagnostics). Three independent RNA preparations per stage were used for analyses, and data are shown as the mean ± SE of the three samples for each stage. 
Statistical analysis
Statistical analysis was carried out by Tukey's multiple range test using an on-line statistical analysis program MEPHAS (http://www.gen-info.osaka-u.ac.jp/testdocs/ tomocom/).
Results and Discussion
Cloning and characterization of carnation polyubiqutin cDNAs First, we obtained by RT-PCR two nucleotide sequences, 206 and 203 bp long, respectively. One of the two cDNA fragments was revealed to correspond to the partial nucleotide sequence found in DK999743 cDNA (Harada et al., 2010) . Based on the nucleotide sequences of the two partial fragments, we obtained two composite cDNAs encoding putative polyubiquitins from 'Light Pink Barbara' carnation using a combination of RT-PCR, 3'-RACE and 5'-RACE techniques.
To confirm the complete nucleotide sequences, we intended to amplify full-length cDNAs from total RNA obtained from opening carnation petals as templates with two combinations of sequence-specific primers (one consisting of 5'U-F1 and 3'U-R1 for Ubq1, and the other of 5'U-F2 and 3'U-R2 for Ubq2 (Table 1) . Unexpectedly, however, this amplification gave a mixture of cDNAs of different sizes. Then we cloned each cDNA from the mixture, determined nucleotide sequences, and obtained seven distinct cDNA sequences of different sizes and nucleotide sequences, encoding possible polyubiquitin genes. Finally, we confirmed the nucleotide sequences of each of the seven cDNAs by amplifying full-length cDNA from the above-described total RNA as a template and sets of forward and reverse primers derived from the nucleotide sequences of each cDNA (that is, 5'U-F1 and 3'U-R1, 5'U-F2 and 3'U-R2 and so on, Table 1 ). We named the original genes which gave these seven cDNAs DcUbq1-7 (Dianthus caryophyllus ubiquitin 1-7), and deposited them in DDBJ with accession nos AB691230 to AB691236 (Table 2) .
The seven ubiquitin cDNAs are summarized in Table 2 . For example, DcUbq1 cDNA was 1430 bp in length, having an entire open reading frame (ORF) of 1146 bp, 53-bp long 5'-UTR and 231-bp long 3'-UTR (Table 2) . DcUbq1 cDNA contained both of the nucleotide sequences reported in the EST clones with accession nos DK999742 and DK999743 (Harada et al., 2010) , whereas DcUbq2 cDNA had only that for DK999742. Analysis of the deduced amino acid sequences of ORF showed the presence of five identical protein motifs. The deduced amino acid sequences of the respective motifs were similar to those conserved among ubiquitins from different organisms (Fig. 1A) . Ubiquitin monomers with the same lower-case letters are identical in nucleotide sequence, and those with the same lower-case letters with prime marks are 90-99% similar to monomers with the same lower-case letters (i.e., a' to a). The 5'-UTR were separated into two distinct groups (5A and 5B), and the 3'-UTR into three groups (3A, 3B, and 3C), according to the nucleotide sequences in the corresponding regions, as shown in Figure 2 . Positions of the forward and reverse primers for PCR amplification of the sandwiched nucleotide sequence are indicated as Ubq1F and Ubq1R, and so on.
All of the carnation ubiquitin motifs (monomers) had an identical amino acid sequence, consisting of 76 amino acid residues, corresponding to 228 bp, and having a molecular mass of 8.5 kDa, except the monomer right before 3'-UTR sequence, which consisted of 77 amino acids with an extra amino acid Cys at the C-terminal (Fig. 1A) . Alignments of nucleotide sequences and deduced amino acid sequences revealed that three cDNAs for DcUbq1, 2, and 3 coded for five ubiquitin monomers in tandem; the other, DcUbq4, three ubiquitin monomers; and the remaining three cDNAs for DcUbq5, 6, and 7, a monomer (Fig. 1B) .
In Table 2 , the nucleotide numbers of 5'-UTR, ORF, and 3'-UTR are shown for each carnation polyubiquitin cDNA as well as their DDBJ accession nos. In spite of identical deduced amino acid sequences among all the ubiquitin monomers, there were variations among the nucleotide sequences of each ubiquitin monomer; the similarity among nucleotide sequences of 228 bp long ranging from 78.4% to 100% (data not shown). Figure 1B shows the relationship among respective cDNA modules encoding each ubiquitin monomer in seven polyubiquitin cDNAs. In the figure, modules with the same lower-case letters are identical in nucleotide sequence, and modules with the same lower-case letters with prime marks are 90-99% similar to the modules with the same lowercase letters (i.e., a' to a). The data suggested that there were close relationships between some genes; DcUbq1 and DcUbq2 fell into the first group, DcUbq3 and DcUbq4 into the second group and the remaining three, DcUbq5-7, into the third group.
The 5'-UTR sequences were separated into two groups according to differences in the nucleotide sequence of about 50 nucleotides upstream from the A of initiation codon ATG; there was a distinct absence of nucleotides in three positions with DcUbq3 and DcUbq5 ( Fig. 2A) . The two groups were named tentatively 5A and 5B sequences, respectively (Fig. 1B) . Regarding 3'-UTR sequences, they were very similar (more than 99% similarity) among DcUbq3 through DcUbq7, whereas the similarity between DcUbq1 and DcUbq2 was 89%, that between DcUbq1 and DcUbq3-DcUbq7 was 67%, and that between DcUbq2 and DcUbq4-DcUbq7 68%. Therefore, the 3'-UTR sequences fell into three groups from the difference in nucleotide sequence; they were 1B and 2B) .
Changes in DcUbq transcript levels in petals of opening and senescing carnation flowers Initially, we intended to detect each transcript of seven polyubiquitin genes separately by real-time RT-PCR with primer sets located in the 3'-UTR regions of respective genes; however, it was obviously difficult to do so since the nucleotide sequences in the 3'-UTR region were almost identical among DcUbq3-7 (Fig. 1B) . Therefore, we detected three kinds of polyubiquitin transcripts separately; those of DcUbq1 and DcUbq2 and the mixture of transcripts of DcUbq3-7. Figure 3 shows changes in the copy numbers of transcripts for DcUbq1, DcUbq2, and DcUbq3-7 in petals of opening carnation flowers. DcUbq1 and DcUbq2 exhibited similar fluctuation in their transcript copy numbers. Their transcript copy numbers increased from flower opening stage 1 (o1) to o2 and o3, then declined to o4. They again increased at o5, and then decreased at o6, whereas the mixture of DcUbq3-7 transcripts showed an almost constant transcript copy number throughout flower-opening stages, although there was a slight, but significant, increase in the last stage (o6). The maximum transcript copy number during the flower-opening period was largest for DcUbq1, followed by DcUbq2 and then DcUbq3-7. Since ubiquitin is known to play myriad functions in the development of plant cells (Park et al., 2011) , the abundant presence of polyubiquitin transcripts and, in particular, the distinct changes in their levels of DcUbq1 and DcUbq2 in opening petals suggests its involvement in the process of carnation opening. Its precise roles remain to be elucidated in the future. Figure 4 shows changes in the copy numbers of Fig. 4 . Changes in copy numbers of the transcripts of DcUbq1, DcUbq2, and DcUbq3-7 in petals of senescing carnation flowers. The flower senescence process was separated into 4 stages according to Morita et al. (2011) . Data are shown as the means ± SE of three separate samples. Bars with the same letter are not significantly different by Tukey's test at p < 0.05. Fig. 3 . Changes in copy numbers of the transcripts of DcUbq1, DcUbq2, and DcUbq3-7 in petals of opening carnation flowers. The floweropening process was separated into 6 stages according to Harada et al. (2010) . Data are shown as the means ± SE of three separate samples. Bars with the same letter are not significantly different by Tukey's test at p < 0.05.
transcripts for DcUbq1, DcUbq2, and DcUbq3-7 in petals of senescing carnation flowers. DcUbq1 and DcUbq2 showed similar changes in their transcript copy numbers, which were similar at s1 and s2, increased by about 1.7-fold at s3, then declined slightly at s4. On the other hand, the transcript copy number of DcUbq3-7 remained almost constant during senescence. The maximum transcript copy number during flower senescence was largest for DcUbq1, followed by DcUbq2 and then by DcUbq3-7.
It should be noted that the transcripts of DcUbq1 and DcUbq2 accumulated and those of DcUbq3-7 remained unchanged in the later stages of petal senescence. This was in contrast to the decrease of transcript levels of other genes during these stages, as described in the Introduction, and indicated the active involvement of ubiquitin in the execution of petal senescence. As discussed in the Introduction, ubiquitin proteins are probably involved in the degradation of specific proteins by the ubiquitin-proteasome system. The increased expression of polyubiquitin genes, causing the increased supply of ubiquitin proteins, probably coordinates with the increased function of the ubiquitin-proteasome system. A future study will be required to identify proteins which are degraded by the ubiquitin-proteasome system in petals of senescing flowers. As a whole, based on the results of the present study, we suggest the association of ubiquitin gene expression with petal wilting during senescence, as well as petal growth during flower opening of carnation flowers.
Re-evaluation of DcSUS1 transcript levels in senescing carnation petals with ubiquitin transcripts as a standard gene Morita et al. (2011) previously conducted analysis of the DcSUS1 transcript level in senescing carnation petals by normalizing total RNA levels with the amount of DcACT1 mRNA; however, they found that the decrease in DcACT1 mRNA caused overestimation of DcSUS1 mRNA in the late stages of flower senescence. The unchanged levels of DcUbq3-7 transcripts in petals of senescing carnation flowers suggested that they might be used as a normalization standard for gene expression analysis of senescing petals of the flowers. Therefore, we tested the efficacy of DcUbq3-7 transcripts as a standard gene by re-analyzing the changes in DcSUS1 transcript levels in senescing carnation flowers, using total RNA preparations used in the previous study Fig. 5 . Re-evaluation of DcSUS1 transcript levels in senescing carnation petals with ubiquitin transcripts as a standard gene. Changes in transcript copy numbers of DcSUS1, DcACT1, and DcUbq3-7 were determined by real-time RT-PCR (top panels). The copy number of DcSUS1 transcripts at each senescing stage was normalized with the values of copy numbers of DcACT1 transcripts or DcUbq3-7 transcripts at the corresponding stage, and shown as relative transcript levels in the bottom panels. Data of the transcript copy numbers are the means ± SE of three separate samples. Bars with the same letter are not significantly different by Tukey's test at p < 0.05. . Changes in copy numbers of transcripts of DcSUS1, DcACT1, and DcUbq3-7 are shown in the top panels of Figure 5 . The copy numbers of DcSUS1 transcript were abundant at s1 and s2, and markedly decreased at s3 and s4. The copy numbers of DcACT1 transcript varied markedly during senescence and decreased largely to s4. The copy numbers of DcUbq3-7 transcripts remained unchanged at s1 through s4. When the copy numbers of DcSUS1 transcript were normalized with those of DcACT1 transcript, the relative DcSUS1 transcript level apparently increased markedly at s4, whereas similarly done with DcUbq3-7 transcripts it remained low even at s4 (bottom panels of Fig. 5 ). Normalization with DcUbq3-7 transcripts gave the profiles of changes in DcSUS1 transcript, which were almost the same before and after normalization. These results revealed that DcUbq3-7 transcripts are superior to DcACT1 transcript for normalization of the DcSUS1 transcript level in senescing petals of carnation flowers. On the basis of the present findings, we suggest that DcUbq3-7 transcripts, instead of DcACT1 transcript, will be successfully used as a standard gene for normalizing the expression of senescence-related genes in petals, and probably in other tissues, of carnation flowers undergoing senescence.
